Introduction
Nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) are an important subgroup of PAHs found in ambient air particles, especially those derived from diesel emissions (1, 2) . Several of these environmental pollutants have been shown to be highly mutagenic in bacterial systems (3) (4) (5) and to induce tumours in animal models (5) (6) (7) . Of particular interest is 3-nitrobenzanthrone (3-NBA) which has been found to be a highly genotoxic lung carcinogen in rats (8) (9) (10) (11) . Its isomer 2-nitrobenzanthrone (2-NBA) has also been detected in ambient air particles and found to be more abundant than 3-NBA (12) . However, several screening assays suggest that the genotoxic potency of 2-NBA is considerably lower than that of 3-NBA (8, (13) (14) (15) .
Bioactivation of 3-NBA is catalysed predominantly by nitroreductases, such as NAD(P)H:quinone oxidoreductase (NQO1), to form N-hydroxy-3-aminobenzanthrone as the reactive intermediate (9) . Phase II enzymes such as N,O-acetyltransferases (NAT1 and NAT2) and sulfotransferases (SULT1A1 and SULT1A2) are considered to be involved in the further activation steps (9, 16) . A recent study has suggested that 2-NBA can also bind to the active site of NQO1, but its binding orientation does not favour reduction of the nitro-group (14) . Binding of 2-NBA can, however, inhibit NQO1-mediated activation of 3-NBA. While cytochrome P-450 (CYP)-dependent ring hydroxylation represents an important activation pathway generating reactive epoxides of compounds such as 1-nitropyrene (1-NP) and benzo [a] pyrene (B[a]P) (17) , CYP enzymes are not considered to contribute significantly to the activation of 3-NBA (10, 14) .
Studies with Hepa1c1c7 cells have revealed that various PAHs and nitro-PAHs may trigger different forms of cell death, not only apoptosis and necrosis but also subgroups such as paroptosis and necroptosis (18) (19) (20) (21) . For most compounds, DNA damage seems to be an important triggering signal, although effects on the plasma membrane might also contribute (22, 23) . Cells respond to DNA damage by activating DNA repair and DNA damage signalling pathways (24) . Different types of DNA damage trigger different damage responses through activation of specific protein kinases (25) . The kinase ATM (ataxia-telangiectasia mutated) is a major sensor of double-strand DNA (dsDNA) breaks and larger chromatin alterations. ATR (ATM and Rad3 related) is the main sensor of single-strand DNA (ssDNA) breaks and is activated most strongly by stalled replication forks (26) . Thus, it appears to be the main activator of the replication stress response. ATM and ATR initiate cell cycle arrest by activating specific checkpoint kinases (Chk), Chk2 and Chk1, respectively, allowing time for DNA repair. ATM and ATR may also activate the tumour suppressor p53 directly or indirectly through Chk1/Chk2, ultimately triggering apoptosis (26) . The main molecular function of p53 is its ability to act as a transcription factor, inducing expression of genes involved in cell cycle arrest and cell death (27) (28) (29) , but it is also involved in various non-transcriptional pathways inducing apoptosis (30) .
There is no simple correlation between DNA damage, mutations and cancer. If properly handled by the cell, primary DNA damage should be repaired or the cell should undergo apoptotic cell death (31, 32) . Nevertheless, protection mechanisms sometimes fail and cells with DNA damage proliferate and mutations may accumulate. Therefore, an understanding of the mechanisms involved in DNA damage responses and apoptosis has important implications in evaluating an agent's carcinogenic potential.
While our previous work on PAH-and nitro-PAH-induced apoptosis has primarily focused on liver cells (i.e. Hepa1c1c7 and F258 cells), the lung is inevitably the primary target organ of inhaled air pollutants. Responses by airway epithelial cells are believed to be central in the development and exacerbation of various pulmonary diseases including asthma and chronic obstructive lung disease, and the airway epithelium gives also rise to most lung tumours (33, 34) . Thus, we recently examined the pyrogenic potential of 1-NP, 3-nitrofluoranthrene (3-NF) and 3-NBA in human bronchial epithelial BEAS-2B cells. While 1-NP and 3-NF were potent inducers of proinflammatory chemokines, 3-NBA instead induced DNA damage and cell death (35) . In the present study, we have further characterized the toxic effects of 3-NBA as well as its isomer 2-NBA in BEAS-2B cells and compared them to 1-NP and B[a]P (Figure 1 ). Special focus was given to the possible role of DNA damage response in 3-NBA-induced apoptosis.
Materials and methods
Chemicals LHC-9 cell culture medium was from Invitrogen (Carlsbad, CA). Foetal calf serum was from Gibco BRL (Paisley, Scotland, UK). Sterile HBS and purified collagen, PureCol, were from Inamed Biomaterials (Freemont, CA). 2-NBA and 3-NBA were prepared as described elsewhere (13, 36) . B[a]P, 1-NP, bovine serum albumin (BSA), Ponceau S, dimethyl sulphoxide (DMSO), propidium iodide (PI), phenylmethylsulfonyl fluoride (PMSF), Hoechst 33258, Hoechst 33342, aprotinin, ethidium bromide, ethylenediaminetetraacetic acid (EDTA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pifithrin-l (PFTl) and polyoxyethylene octyl phenyl ether (Triton X-100) were purchased from Sigma-Aldrich Chemical Company (St Louis, MO). Pifithrin-a (PFT-a) and Pepstatin A were from Calbiochem (Cambridge, MA). Leupeptin was from Amersham Biosciences (Uppsala, Sweden). SYBRGreen I nucleic acid gel stain was obtained from Cambrex Bio Science (Rockland, ME). Antibodies against ATR, p53, phospho-Chk1 (Ser345), phospho-Chk2 (Thr68), cleaved caspase-3, cleaved poly-(ADP-ribose) polymerase (PARP) (Asp214), b-actin, phospho-p53 (Ser15) and phospho-Histone H2AX (Ser139) were obtained from Cell Signaling Technology (Beverly, MA), while anti-phospho-ATM (Ser1981) was from R&D Systems, Inc. (Minneapolis, MN). Horseradish peroxidaseconjugated goat anti-rabbit and rabbit anti-mouse secondary antibodies were from Sigma-Aldrich and Dako (Glostrup, Denmark), respectively. Secondary antibodies conjugated with Flour Alexa 488-A and 647-A were obtained from Invitrogen (Paisley, UK). All other chemicals were purchased from commercial sources and were of analytical grade.
Cell culture BEAS-2B cells, an SV40 hybrid (Ad12SV40)-transformed human bronchial epithelial cell line, were purchased from American Tissue Type Culture Collection (Rockville, MD). Cells were cultured in serum-free LHC-9 medium on collagen (PureCol)-coated culture dishes and flasks. They were grown at 37°C in a humidified incubator at 5% CO 2 atmosphere.
For exposure, BEAS-2B cells were plated and grown to near confluence. Medium was changed the day after they were seeded and before exposure. Inhibitors were added 1 h prior to the test compound. Cells were treated with 2-NBA, 3-NBA, 1-NP and B[a]P dissolved in DMSO (37°C) at various concentrations (0.3, 1, 3, 10, 15 or 30 lM) The final concentration of DMSO in culture medium was 0.5% (v/v); at the two highest concentrations (15-30lM), some precipitation was seen for 2-NBA and 3-NBA.
Cell death measured by microscopy After exposure to the test compounds for 24 and 72 h, the cell morphology of the cultures was recorded with a digital camera (Nikon D40) coupled to a light microscope. Toxicity was assessed and categorized as the relative amount of floating cells (dead cells) in the cultures versus attached cells (living cells). Cell shape and vacuoles were recognized and documented. Cells were then trypsinized and stained with Hoechst 33342 (5 lg/ml) and PI (10 lg/ml), and cytotoxicity/morphology was further characterized by fluorescence microscopy (Nikon Eclipse E 400 fluorescence microscope with a 330-to 380-nm UV-2A excitation filter). Cells with distinct condensed nuclei, segregated nuclei and apoptotic bodies were counted as apoptotic (including PI-positive cells), and the fraction was compared to the total number of cells. Non-apoptotic cells, excluding PI, were categorized as viable cells. PI-stained cells with a round morphology and a homogeneously stained nucleus due to the loss of plasma membrane integrity were termed necrotic (PI positive). A minimum of 300 cells per slide was counted.
Cell staining for apoptosis and cell cycle analysis by flow cytometry After treatment, cells were trypsinized and prepared for flow cytometry as described previously (37) . Briefly, cells were stained with Hoechst 33258 (1.0 lg/ml) in Triton X-100 (0.1%) for 15 min and analysed by Argus 100 Flow cytometer (Skatron, Lier, Norway). Different cell phases as well as apoptotic cells/bodies were distinguished on the basis of their DNA content (Hoechst fluorescence) and cell size (forward light scatter). Percentages of cells in different phases of the cell cycle as well as apoptotic cells were estimated from DNA histograms using the Multicycle Program (Phoenix Flow system, San Diego, CA). The apoptotic index was determined as the percentage of signals between the G1 peak and the channel positioned at 20% of the G1 peak (sub-G1 population).
Cell staining for FACS analysis
Following trypsination, cells were washed once in phosphate-buffered saline (PBS), fixed in 1% paraformaldehyde (PFA) in PBS for 15 min on ice, postfixed in 90% ice-cold methanol for at least 2 days, at À20°C, and stained for FACS analysis. Cells were washed two times in 5% BSA in PBS and incubated with primary antibody: phospho-Chk1 (Ser345) 1:50, phospho-Chk2 (Thr68) 1:25, cleaved caspase-3 1:200, phospho-ATM (Ser1981) 1:100, phospho-p53 (Ser15) 1:100 or phospho-Histone H2AX (Ser139) 1:50 in 5% BSA and 0.2% Triton X-100 in PBS overnight at 4°C. Cells probed with primary antibody were then rinsed twice with 5% BSA in PBS and incubated with secondary antibody conjugated to Flour Alexa 488 1:500 for 2 h at room temperature in the dark. After washing with 5% BSA in PBS, cells were analysed with LSRII flow cytometer (BD Biosciences).
DNA adduct analysis DNA adducts were measured for each DNA sample using the 32 P-post-labelling assay as described using either the nuclease P1 digestion or the butanol extraction enrichment procedures (38) . Cells (5-10 Â 10 6 cells; 20 000 cells/ cm 2 ) were exposed to various test compounds for 15 h. After trypsinization, DNA was isolated from cells by a standard phenol extraction method. For analysis, DNA samples (4 lg) were digested with micrococcal nuclease (120 mUnits) and calf spleen phosphodiesterase (40 mUnits), enriched and labelled as reported elsewhere (35, 38) . Chromatographic conditions for thin-layer chromatography (TLC) on polyethyleneimine-cellulose plates (Macherey-Nagel, Düren, Germany) were D1, 1.0 M sodium phosphate, pH 6; D3, 4 M lithiumformate, 7 M urea, pH 3.5; D4, 0.8 M LiCl and 0.5 M Tris, 8.5M urea, pH 8. After chromatography, TLC sheets were scanned using a Packard Instant Imager (Dowers Grove, IL) and DNA adduct levels (relative adduct labelling [RAL]) were calculated from adduct c.p.m., the specific activity of [c- 32 P] adenosine triphosphate and the amount of DNA (pmol of DNA-P) used. Comet assay DNA strand breaks were detected by the comet assay, and the lesion-specific repair enzymes formamidopyrimidine DNA-glycosylase (FPG) and endonuclease III (Endo III) were employed to characterize oxidative damage to DNA as described elsewhere (21, 35) . In short, cells (0.5-1 Â 10 6 cells; 20 000 cells/ cm 2 ) were exposed to test compounds for 15 h, trypsinized and stored at À80°C in medium with 10% DMSO. Frozen cells were thawed quickly in a 37°C water bath, centrifuged, washed and re-suspended in 120-ll cold PBS. Cell suspension (20 ll) was mixed with 120 ll of 0.75% low-melting-point agarose and 30-ll mixture were added on diagnostic slides pre-coated with 0.3% agarose (three gel windows per slide) and allowed to set on a cold plate. Slides were then lysed and treated with FPG or Endo III. DNA unwinding was performed in alkaline buffer (on ice in the dark) followed by electrophoresis at 4°C. Slides were then neutralized in 0.4M Tris-HCl, pH 7.4, fixed in 100% methanol and dried. Nuclei were stained with ethidium bromide and DNA damage scored (50 nuclei per gel window) using the Comet IV capture system (version 4.11; Perceptive Instruments, UK). The tail intensity (% tail DNA), defined as the percentage of DNA migrated from the head of the comet into the tail, was measured for each nucleus scored.
Western blotting immunoassay BEAS-2B cells were exposed to test compounds for 12 and 24 h. Briefly, cells were frozen at À80°C and lysed in 20 mM Tris buffer, pH 7.5, 150 mM NaCl, 1 mM ethylene diamine tetra acetic acid, 1mM ethylene glycol aminoethyl acetic acid, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerol phosphate, 1 mM Na 3 VO 4 , 1 mM NaF, 10 lg/ml leupeptin, 1 mM PMSF, 10 lg/ml aprotinin and 10 lg/ml Pepstatin A. After cell lysis, solutions were sonicated and centrifuged. Protein concentration in the supernatant was measured using the Bio-Rad DC protein assay kit. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (5Â; 0.312 M Tris-HCl, pH 6.8, 10% SDS, 25% b-mercaptoethanol, 0.05% bromophenol blue, 10% glycerol) was added. Samples were boiled and subjected to 10% SDS-PAGE. Proteins were transferred by electroblotting to nitrocellulose membranes, probed with primary antibody, washed and re-probed with secondary antibody and then developed using the ECL chemiluminescence system (Amsterdam Pharmacia, Little Chalfont, UK). Equal protein loading was controlled by Ponceau S staining as well as staining for actin.
Immunocytochemistry Cells were exposed to test compounds for 24 h. After washing with cold PBS, adherent cells were fixed with cold absolute methanol. Cells were incubated at room temperature, in a humidified atmosphere, in the dark over night, with primary antibodies diluted in PBS with 1% BSA, followed by 1-h incubation with Flour Alexa 647-conjugated secondary antibodies, and finally stained with 4#,6-diamidino-2-phenylindole.
Statistical analysis
Statistical significance was evaluated by GraphPad Prism software (GraphPad Software Inc., San Diego, CA) using analysis of variance with Bonferroni or Dunnet's post-tests. Values are presented as means AE SEM.
Results
Cell death and S-phase accumulation BEAS-2B cells were treated with the test compounds for 24 h, and cell morphology was examined by light microscopy to characterize the effects of 2-and 3-NBA on cell death and proliferation, compared with 1-NP and B[a]P (at 15 lM). As shown in Figure 2A , 3-NBA induced the highest degree of cytotoxicity, seen as an increase in rounded-up or detached cells and/or reduced proliferation, followed by 1-NP. In contrast, no marked effects were found for B[a]P and 2-NBA. Interestingly, 2-NBA induced the formation of cytoplasmic vacuoles, which could indicate swelling of cellular organelles, but it did not reduce cell growth markedly, even when cells were exposed for longer periods (up to 72 h; data not shown).
To further characterize toxicity, BEAS-2B cells were analysed by fluorescence microscopy after staining with Hoechst 33342 and PI to identify apoptotic and necrotic cells. As seen from Figure 2B , 3-NBA, 1-NP and B[a]P (30lM) induced an increase in PI-positive, necrotic cells. Most notable, however, was the effect on apoptotic cells of 3-NBA. This is in agreement with previous observations showing that 3-NBA induced a considerably higher level of apoptosis in BEAS-2B cells compared with 1-NP and B[a]P, while the three compounds induced more comparable levels of necrosis (38) . As previously shown, 24-h exposure to 3-NBA induced a .40% increase in apoptosis, reaching its maximum effect at 15lM, and a more moderate 20% increase in necrosis ( Figure 3A and B). In comparison, 2-NBA was not cytotoxic in BEAS-2B cells at the tested concentrations. More detailed concentration-effect examinations of 3-NBA-induced apoptosis by flow cytometry corroborated the microscopy data and showed a significant increase in apoptosis already at 1lM 3-NBA ( Figure 3C ).
Classical apoptosis is characterized in part by cleavage of caspase 3 and PARP (39) . In accordance with the above results, Western blot analysis showed that 3-NBA at concentrations of 1 lM and above increased the level of cleaved caspase 3 and PARP in BEAS-2B cells ( Figure 4A ). This was further confirmed by immunocytochemistry and flow cytometry revealing increased levels of cleaved caspase 3/PARP in a number of cells, particularly in apoptotic cells ( Figure 4B and C) . No such changes were observed after exposure to 2-NBA, 1-NP or B[a]P.
We have previously shown that 3-NBA and B[a]P induced a marked reduction of BEAS-2B cells in G1 and an increase in cells in S-phase, while 1-NP had only moderate effects on cell cycle (35) . In the present study, we also examined the effects of 2-NBA on cell proliferation and cell cycle. While 24-h exposure to 30 lM 3-NBA resulted in a reduction of cells in G1 and an increase of cells in S-phase as previously reported, 2-NBA did not have any effect on BEAS-2B cell cycle ( Figure 5A ). Further examination of the concentration-effect relationship revealed that after 24-h exposure, 3-NBA also induced a significant S-phase accumulation from 1 lM, indicating possible DNA damage ( Figure 5B ). Indeed after 72-h exposure, there was a significant decrease of cells in G1 already at 0.3 lM ( Figure 5C ). A slight, but not statistically significant, increase in S-phase cells was found after 72-h exposure to 2-NBA (data not shown), possibly suggesting that 2-NBA may also be slowly metabolized into DNA-reactive metabolites.
DNA damage
We have previously shown that 3-NBA induces a massive amount of DNA adducts (RAL value of 876 AE 258) compared to 1-NP (18 AE 7) and B[a]P (43 AE 19) but that the level of their effects on ssDNA breaks or alkali-labile sites, as measured by the comet assay, are more comparable (35) . In the present study, we compared further the abilities of 3-NBA and 2-NBA to induce DNA damage in BEAS-2B cells. 3-NBA (15 lM) induced a high level of DNA adducts as measured by 32 P-postlabelling with an RAL value of 876 AE 258 ( Figure 6A ) and a less pronounced increase in tail intensity as measured by comet assay ( Figure 6B ). In contrast, 2-NBA (15 lM) did not induce any signs of DNA damage in BEAS-2B cells in either the comet assay or the 32 P-post-labelling assay (Figure 6 ). Notably, neither 2-or 3-NBA appeared to induce oxidative damage to DNA in the BEAS-2B cells, as assessed by using FPG and Endo III in the comet assay.
DNA damage response
To characterize further DNA damage induced by 2-NBA, 3-NBA, 1-NP and B[a]P, we also investigated the possible formation of DNA dsDNA breaks. The dsDNA breaks cause rapid phosphorylation of histone H2AX forming distinct foci close to the breaks, which can be detected by immunostaining. Accordingly, phosphorylated H2AX (cH2AX) has been suggested as a marker for dsDNA breaks (40, 41) . In the present study, cH2AX was detected only after 3-NBA exposure (Figure 7) . Western blot analysis showed a large induction of cH2AX starting at 1 lM 3-NBA, which was supported by flow cytometry analysis showing a right shift in fluorescence. However, while immunocytochemistry also confirmed the increased amounts of cH2AX in both apoptotic and viable cells, the nuclear staining was diffuse and lacked the distinctive foci characteristic of dsDNA breaks (Figure 7) .
In order to examine the role of DNA damage response in 3-NBA-induced apoptosis, we examined the phosphorylation of ATR, Chk1 and Chk2, as well as nuclear localization of ATM, and compared it to that of 2-NBA, 1-NP and B[a]P. ATM/ATR are phosphatidylinositol-3 kinases acting upstream of p53 as sensors/early effectors of DNA damage (27) . Flow cytometry analysis showed that 3-NBA at a concentration of 1 lM and above resulted in a slight right shift in the fluorescence peak after staining for p-ATM, suggesting some increased ATM phosphorylation, while 2-NBA did not appear to have any effect (Figure 8 ). Immunocytochemistry analysis following 24-h of exposure to 3-NBA supported the results obtained with flow cytometry analysis showing that at least apoptotic cells had an increase in ATM-related fluorescence. Some activation of ATR was found after exposure to 10 lM 3-NBA as judged by increased nuclear localization (Figure 8 ).
Chk1 and Chk2 are effector kinases activated by ATR/ATM, respectively. Chk1 is primarily induced by ATR in response to ssDNA breaks while Chk2 is phosphorylated by ATM after dsDNA breaks. Analysis of the DNA damage response using Western blotting, flow cytometry and immunocytochemistry revealed that 3-NBA at 1 lM and higher induced an increase in phosphorylation of Chk2 at threonine 68, while 2-NBA, 1-NP and B[a]P did not cause a marked change in Chk2 phosphorylation ( Figure 9 ). Similar increases in the phosphorylation of Chk1 at Ser345 was also observed after 3-NBA treatment ( Figure 10 ). However, phosphorylation of Chk1 appeared to be somewhat less pronounced compared to Chk2, in particular when judged by the flow cytometry results. p53 activity Following DNA damage, p53 is phosphorylated by enzymes including Chk1/Chk2 and subsequently translocates to the nucleus where it may promote cell cycle arrest, allowing time for DNA repair, or trigger apoptosis (42) . Western blot analysis of cells exposed for 24 h confirmed that 3-NBA (at 1, 3 and 10 lM) induced a prominent p53 phosphorylation (p-p53) at Ser15, while the other test compounds did not have any apparent effects ( Figure 11 ). In support of this, flow cytometry analysis also revealed increased p-p53 levels, while increased nuclear translocation of p53 following 3-NBA (10 lM) exposure was shown by immunohistochemistry ( Figure 11 ).
PFT-a and PFT-l inhibit p53 transcriptional and nontranscriptional activities, respectively (30, 43) . Fluorescence microscopy of Hoechst 33342-and PI-stained BEAS-2B cells revealed that PFT-a abrogated 3-NBA-induced apoptosis at all concentrations tested (1, 3 and 10 lM; Figure 12 ). PFT-l also reduced the number of apoptotic cells, but the effect was considerably less than that of PFT-a, suggesting that p53 primarily regulates 3-NBA-induced apoptosis through increased transcription of pro-apoptotic genes. Both PFT-a and PFT-l blocked 3-NBA-induced necrosis (Figure 12 ), suggesting that both transcriptional and non-transcriptional p53 activities may be involved in this process. DNA damage and DNA response following 2-NBA and 3-NBA exposure Discussion Genotoxic properties of nitro-PAHs are well known (5) . In some recent studies, we explored their effects on cell signalling pathways involved in cell death using murine Hepa1c1c7 cells (19) (20) (21) 44) . These studies were expanded by some mechanistic investigations on inflammation using human lung BEAS-2B cells which are more relevant for studying the effects of air pollutants (35, 45) . In the present study, we examined the effect of two rather similar nitro-PAHs, 3-NBA and its isomer 2-NBA, on cell death in BEAS-2B cells and compared their effects to those observed after treatment with 1-NP and B[a]P. The most striking finding was that 3-NBA exposure resulted in a massive apoptotic response at relatively low concentrations, whereas 2-NBA was almost non-toxic. The apoptotic response induced by 3-NBA seems to be due to a DNA damage response characterized by an activation of ATM, cH2AX, Chk2/Chk1 and transcriptional activation of p53.
Together with our previously published data (35), we have shown that 3-NBA is considerably more cytotoxic than other nitro-PAHs and also B[a]P. This is probably due to the fact that 3-NBA, in contrast to 1-NP and B[a]P, is efficiently activated by NQO1, whereas the latter two are more efficiently activated by CYPs (9, 14, 21) . Similarly, the low toxicity of 2-NBA compared to its isomer 3-NBA is possibly also explained by the fact that it is not activated by NQO1 (14) .
Caspase 3 is a central effector caspase in the apoptotic process that is activated both via death receptors as well as the mitochondrial pathway (46, 47) . The active form cleaves a number of structural and regulatory proteins including PARP and inhibitor caspase-activated DNase (ICAD) complex. Typical of apoptotic cells, active ICAD will result in DNA fragmentation and give rise to characteristic chromatin condensation and nuclear fragmentation (48, 49) . In this study, we observed that exposure to 3-NBA resulted in cleavage of both caspase 3 and PARP which is in agreement with the observed characteristic apoptotic morphology. 3-NBA also induced some necrosis, as did 1-NP and B[a]P, whereas 2-NBA only resulted in some changes in vacuolization that have not been explored further.
3-NBA and B[a]P, and to a lesser extent 1-NP, induced an accumulation of BEAS-2B cells in S-phase (35) . In contrast, our present data show that 2-NBA treatment did not have any effect on S-phase accumulation. The effects of 3-NBA on the BEAS-2B cell cycle are in agreement with previous reports using human lung epithelial A549 cells (42) and Hepa1c1c7 cells (21) and are most probably related to DNA damage. Various types of DNA adducts, oxidative damage to DNA, ssDNA breaks and DNA repair processes are well known to delay DNA replication leading to accumulation in S-phase (25, 50) .
We have previously shown that 3-NBA induced .20-fold higher levels of DNA adducts than 1-NP or B[a]P (35) . In addition, 3-NBA also induced more ssDNA breaks than 1-NP P-post-labelling and ssDNA breaks measured by the comet assay. (A) BEAS-2B cells were exposed to 15 lM of 2-NBA or 3-NBA or vehicle (DMSO) for 15 h. DNA adducts were measured using the nuclease P1 digestion or butanol extraction enrichment version of the 32 P-post-labelling assay. The figure displays total DNA adduct levels (RAL); each DNA sample was determined by two independent analyses. 'ND', not detected. (B) DNA strand breaks were measured by the comet assay without enzyme treatment, and oxidative damage to DNA was measured after treatment with FPG or Endo III enzymes. Values represent mean AE SEM of independent experiments (n 5 3). '*' Significantly different from DMSO-treated controls (P , 0.05). and B[a]P as measured by the comet assay, but this discrepancy was less pronounced. Considering that repair of DNA adducts generates single-strand breaks, this suggests that 3-NBA-DNA adducts in BEAS2-B cells are relatively alkali stable and slowly repaired. In contrast, neither DNA adduct formation nor DNA damage as measured by the comet assay were detectable after 2-NBA exposure at the time point investigated in the present study. However, 72-h exposure to 2-NBA resulted in a slight increase in cells in S-phase, suggesting that some DNA damage may be formed at a slow rate, in accordance with the inefficient activation of 2-NBA observed before (14) . In contrast to B[a]P (35), 2-and 3-NBA did not induce oxidative damage to DNA in BEAS-2B cells. This is somewhat surprising considering that metabolic activation of nitro-PAHs often results in increased ROS. Indeed, increased ROS formation has been found in lung A549 (42, 51) and Hepa1c1c7 cells (21) after exposure to 3-NBA.
Compared to previous observations in Hepa1c1c7 cells (21), 3-NBA appeared to induce a marked increase in levels of cH2AX in BEAS-2B cells. However, immunocytochemistry revealed a diffuse nuclear staining, which was distinctly different from the characteristic foci reported after dsDNA breaks (41) . Thus, our present results do not suggest that 3-NBA induced dsDNA breaks directly. Phosphorylation of H2AX may also be triggered during apoptosis (52) ; however, in the present study, increased cH2AX levels were also observed in non-apoptotic cells. More interestingly, UV irradiation has been shown to induce similar diffuse increases in cH2AX in the absence of dsDNA breaks (53) . Furthermore, increased H2AX phosphorylation has been found in senescent cells and is suggested to represent non-repairable DNA lesions/ adducts (54) .
Lung epithelial cells seem to be quite sensitive to 3-NBA toxicity, as 3-NBA induced cell death at much lower concentrations in BEAS-2B cells (this study) than in Hepa1c1c7 cells (21) . Furthermore, 3-NBA resulted in more DNA adducts, and an activation of H2AX was seen at lower concentrations, in BEAS-2B than in Hepa1c1c7 cells. Comparable high levels of 3-NBA-induced DNA adducts have also been observed in mouse lung epithelial cells (55) and may reflect a relatively high capacity of airway epithelial cells to metabolically activate 3-NBA. In contrast, the induction of ssDNA breaks appears to be more comparable in BEAS-2B and Hepa1c1c7 cells. Notably, 3-NBA induced oxidative damage to DNA in the hepatoma cell line, but not in the present study, and B[a]P and 1-NP appear to be more toxic in the Hepa1c1c7 cells (21) . The latter observation may be explained by the higher level of (inducible) CYP enzymes in the Hepa1c1c7 (21) relative to BEAS-2B cells (data not shown).
Several pathways have been proposed to explain how DNA damage may result in cell death (49, (56) (57) (58) (59) . The two main pathways activated by DNA damage, ATM-Chk2 and ATRChk-1, may both activate p53 ultimately triggering the apoptotic response (26, 60) . Here we report a marked activation of ATM, Chk2/Chk1 and p53 in 3-NBA-exposed BEAS-2B cells, possibly explaining the resulting apoptosis. In accordance with this suggestion, 2-NBA, 1-NP and B[a]P clearly did not trigger any phosphorylation of these proteins.
The flow cytometry data suggest that 3-NBA induced a somewhat higher ATM-Chk2 response compared to ATR-Chk1 in BEAS-2B cells. In contrast, ATR-Chk1 appeared to dominate in 3-NBA-exposed Hepa1c1c7 cells, possibly reflecting that oxidative damage to DNA and ssDNA breaks were relatively high compared to DNA adduct levels in the hepatoma cell line (21) . The marked ATM-Chk2 response in 3-NBAexposed BEAS-2B cells was surprising considering the apparent lack of dsDNA strand breaks. Recently, it has been reported that ATM is activated by changes in chromatin structure including those caused by DNA adducts (61, 62) . Thus, the relatively more enhanced ATM-Chk2 response in BEAS-2B compared to Hepa1c1c7 cells (21) could well be a result of the correspondingly higher level of 3-NBA-DNA adducts in the bronchial epithelial cell line.
It is well known that exposure to PAHs such as B[a]P activate p53 by phosphorylation at a large number of different sites (63) . Here we found that in BEAS-2B cells, only 3-NBA led to increased phosphorylation of p53 at serine 15 and to a stabilization and accumulation of p53 in the nucleus. The observed p-p53 is probably a result of the activation of Chk2. Once activated, p53 may trigger the apoptotic response both by increasing transcription of pro-apoptotic factors and by a transcription-independent manner (18, 44, 64) . In this study, we found that inhibiting the transcriptional activity of p53 with PFT-a completely abrogated 3-NBA-induced cell death, while only a slight reduction were seen with the inhibitor of the p53-mitochondrial pathway (PFT-l). These results confirm and extend previous findings obtained with Hepa1c1c7 cells (21) , suggesting that 3-NBA-induced apoptosis is triggered by increased DNA damage and is predominantly mediated through p53-induced transcription of pro-apoptotic genes. Interestingly, induction of p53 up-regulated modulator of apoptosis a (PUMA-a) and down-regulation of PUMA-b expression was recently associated with B[a]P-induced p53-dependent apoptosis in MCF-7 cells (65) . These findings corroborated our hypothesis that DNA damage, followed by DNA damage response involving the ATM/cH2AX/Chk2 signalling pathway and resulting in p53 transcriptional events, is a central element in 3-NBA-induced apoptosis.
In conclusion, the present study strengthens the notion that different nitro-PAHs have very different toxic potentials and that small changes in molecular structure, as seen for 2-and 3-NBA, have dramatic effects on the cellular response. The most striking observation was the high potency of 3-NBA to cause DNA damage triggering a DNA damage response that is characterized by the activation of ATM/cH2AX/Chk2/p53, with apoptotic cell death as the final outcome. Along with previous studies, the present results further indicate that epithelial lung cells may be particularly sensitive to 3-NBA toxicity.
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Research Council of Norway through the 'Environment, Genetics and Health' programme (160863); Cancer Research UK. Fig. 12 . 3-NBA-induced p53 activation and involvement in cell death determined by fluorescence microscopy. BEAS-2B cells were exposed to various concentrations of 2-NBA, 3-NBA, 1-NP or B[a]P for 24 h and the effect of the p53 inhibitor PFT-a on 3-NBA-induced cell death (apoptosis and necrosis) was examined by fluorescence microscopy after PI/Hoechst 33342 staining. Cells were pre-treated for 1 h with PFT-a (10 lM) prior exposure to test compounds. Percentage of cell death was estimated by fluorescence microscopy counts. The data shown are from one experimental set-up. '*' Significantly different from DMSO-treated controls (P , 0.05) and 'y' significantly different from treated without inhibitor added (P , 0.05).
